Natural fibre-reinforced composites have attracted great research and economic interests because of their outstanding 'green' characteristics compared with glass fibre-reinforced composites. It is very important to understand the processing effect on the natural fibre-reinforced composites mechanical properties because of the natural fibre degradation characteristics. Optimizing the fabrication process, especially the compounding process, is effective to achieve the optimal properties of the composites. In this research a natural fibre, noil hemp fibre, was applied to reinforce polypropylene with internal mixing process. The influence of compounding parameters, such as mixing temperature, mixing time and rotor speed, on the mechanical properties (tensile strength, flexural strength and impact strength) of the noil hemp fibre/polypropylene composites was investigated using orthogonal method and the evidence of thermogravimetric analysis test of fibre and the observation of fibre dispersion in resin. The range analysis and variance of analysis demonstrated that the mixing temperature has significant effect on the three mechanical properties, mixing time has minor influence on the tensile and flexural strengths, and rotor speed mainly affects the impact strength. The thermogravimetric analysis test of noil hemp fibre and the fibre dispersion in resin show that a combination of low mixing temperature, short mixing time and high rotor speed of compounding process is helpful to achieve certain fibre dispersion without serious thermal degradation of fibre. Noil hemp fibre/polypropylene composites with the best comprehensive mechanical properties could be obtained at 165 C for 12 min with rotor speed 50 r/min.
Introduction
Fibre-reinforced polymer composites, especially glass fibre-reinforced composites (GFRC), have been widely used in many fields for their excellent mechanical properties. However, GFRC are drawing less interest due to their unfavourable effect on the human and environment. 1, 2 Recently, natural fibre-reinforced composites (NFRC) are increasingly regarded as valuable substitutes of GFRC because of the characteristics of natural fibre, such as the biodegradability and renewability. Moreover, natural fibre requires less energy for fibre processing, compared with glass fibre. All these make it highly competitive to glass fibre. [3] [4] [5] [6] NFRCs could be prepared through press moulding and injection moulding as GFRC. 7, 8 Due to the simplicity of the process, press-moulded NFRCs have been produced in large quantities, particularly in automobile industry including door panels, seat backs, headliners, package trays, dashboards and interior parts. 9, 10 However, despite its irreplaceable function in producing articles with complex shape, injectionmoulded NFRCs had very limited application. The main restrictive factor is the unsatisfactory mechanical properties of the composites due to the insufficient reinforcement efficiency of natural fibre. 7 The primary reason is because of the mechanical breakage of fibre during processing, and the thermal degradation of fibre in the fabrication, in both the compounding process and injection moulding process. [11] [12] [13] Previous research on injection-moulded GFRC shows that three principle mechanisms attributed to fibre breakage, in which controlling the influence of the melt rheology is the most practical way to minimize the fibre breakage and realize fibre dispersion. 14, 15 Although much experience in GFRC fabrication can be of help to the research on NFRC, the demerit of limited thermal resistance of natural fibre makes it more difficult to achieve high reinforcement. For example, a reasonably high temperature is beneficial to improve the reinforcement of glass fibre for its ability to reduce melt viscosity but high temperature can lead to serious thermal degradation of fibre. 16, 17 Until now, however, limited work was reported on preparation process aimed at exploring the influence of process parameters on the mechanical properties of injectionmoulded NFRC. Joseph et al. 17 revealed the influence of processing parameters of internal mixing on tensile strength of sisal fibre-reinforced polypropylene (PP) composites but their influence on other mechanical properties of the composites was not investigated. Li et al. 18 and Panigrahi et al. 19 reported the influence of injection temperature and pressure on tensile strength, flexural strength and flexural modulus but the influence of other important processing parameters including mould temperature, injection time and packing pressure were not studied. Furthermore, those research works were conducted by stepwise method, which is time-consuming and unable to make clear the significant sequence of different processing parameters to the overall mechanical properties of the composites. Here, orthogonal design was introduced into the experiment process to simplify the effect of processing factors on the final properties.
Orthogonal experimental design is a chemometric method for optimization. It chooses some combinations of factors and levels as representative experiments based on a special principle, which can reflect the situation of the whole selected experimental area. So it is powerful and cost-effective to analyse the influence of relevant variables and their interactions on evaluation indices. 20 It has been widely used in scientific research and engineering analysis to get the optimized parameters, including some research on GFRC. [21] [22] [23] As the fibre experiences long thermal history and high shearing force in compounding process (internal mixing or extruding), fibre breakage and degradation mainly take place in this stage rather than injection moulding. Therefore, changing compounding parameters is more meaningful to get optimized process conditions. For internal mixing process, mixing temperature, mixing time and rotor speed are the most important parameters for their effectiveness to adjust melt rheology and fibre dispersion.
14 This paper aims to investigate the influence of those three parameters of internal mixing process on the tensile, flexural and impact strengths of noil hemp fibre (NHF)-reinforced PP composites by the orthogonal experimental design method. Both range analysis and analysis of variance (ANOVA) are conducted to optimize the process and a conformation experiment was carried out to testify the reliability of the orthogonal design. Thermogravimetric analysis (TGA) test of fibre and observation of fibre dispersion in resin were conducted to analyse the influences of those factors on the mechanical properties of the composites.
Experimental details

Raw materials
The NHF (China-Hemp Industrial Investments and Holding Co, Ltd, Yunnan, China) was chosen as natural fibre for polymer reinforcement. It is a by-product at the end of the production line of textile fibre, with fibre length <28 mm, the requirement for the continuous textile processing ( Figure 1 ). PP (M800E, Sinopec Shanghai petrochemical Co. Ltd, Shanghai, China) with melt flowing index of 8.0 AE 1.5 g/10 min was chosen as matrix. Maleic anhydride-grafted polypropylene (MAPP) with maleic anhydride content of 1.0 wt% (Bondyram1001, Polyram Ram-On Industries, Israel) was used as resin modifier to improve the adhesion of NHF with PP. 24 Antioxidant (1010, Jiyi Chemical Co., Ltd, Beijing, China) and anti-UV agent (UV-327, Zhejiang Changshan Kerun Chemical Co., Ltd) were applied as additives to the composites.
NHF/PP composites preparation
NHF was first heated at 105 C for 8 h to get rid of moisture and then stored in dry condition for further application. PP, MAPP (5 wt%) and the proper amounts of the other additives were first blended into a melt with a pre-heated internal mixer (XH-409, Dongguan City Xihua Testing Machine Co. Ltd, China). Then NHF (30 wt%) was added into the mixer to compound for certain time at various rotor speeds. After that, the mixture was pressed into a sheet with a roll mixer (XH-401B, Dongguan City Xihua Testing Machine Co. Ltd, China). The composite sheets were then crushed into granules with the maximum linear size of 7 mm with a crusher (RPC-180, Shanghai Runpin Industry & Trade Co. Ltd, China). The granules were finally moulded with an injection-moulding machine (MJ55, Chen Hsong Group, China) to get the specimens for the mechanical properties tests. The contents of fibre and MAPP in the composites were based on the previous research results in ref. 25 Orthogonal design of fabrication process An L 9 (3 4 ) orthogonal design was utilized to study the influence of processing factors on mechanical properties of the composites. A spare column in the design was used to evaluate the experimental error and possible interactions between those factors. Table 1 lists the levels of those processing factors, which were also decided according to our preliminary experiments. 25 The mixing temperature was set at a temperature between the melting point of PP (about 160 C) and 180 C to avoid serious thermal degradation of hemp fibre. The mixing time was varied from 12 min to 20 min, and the rotor speed from 30 to 50 r/min was chosen to achieve the fibre dispersion and within the capability of the mixing instrument.
Characterization and test methods
A scanning electron microscopy (JSM-646-LV, Shimadzu Corp., Japan) was used to observe the microstructure of NHF. The acceleration voltage is 20 kV. The tensile strength test was performed on dumbbellshaped specimens of Type 1 A with a multifunctional machine (AG-2000 A, Shimadzu Corp., Japan) in accordance with ISO 527-2-1993 with a loading rate of 10 mm/min at room temperature. The standard samples with nominal dimensions of 80 Â 10 Â 4 mm were used to measure the flexural strength according to ISO 178-2001 with a loading rate of 3 mm/min. The unnotched Charpy impact strength test was conducted on standard samples with nominal dimensions of 80 Â 10 Â 4 mm with an impact tester (XCJ24, Chengde Testing Machine Co., Ltd, China) in accordance with ISO179-2000. All the results were based on average value of at least five specimens. To examine the dispersion of fibre in resin, the mixture of fibre and resin was pressed into a sheet between two transparent Polyester sheets for optical assessment. Thermal analysis of oven-dried NHF was carried out with thermogravimetric analyser (TGA Q500, TA Instruments, USA) to evaluate the influence of temperature on the thermal degradation under isothermal mode in N 2 atmosphere at 160 C, 170 C and 180 C, respectively, for 30 min.
Results and discussion
Range analysis
The mechanical properties of NHF/PP composites which were fabricated according to the design in Table 1 are shown in Table 2 . Based on the orthogonal design method, two parameters of range analysis, " K ij ðthe average evaluation index of factot j at level iÞ and R j (the maximum difference of " K ij between different levels), were applied to evaluate the effect of each factor at each level (shown in Table 3 ). A higher " K ij means better result of experiments in which factor j was controlled at level i. A larger R j means greater influence of factor j to the evaluation index. By comparing " K ij of the three factors, it demonstrates that, for tensile strength, flexural strength and impact strength, the optimum factor combinations are A 1 B 1 C 2 , A 1 B 1 C 1 and A 1 B 3 C 3, respectively. From the values of R j in Table 3 , it shows that the influence degree of factors on tensile strength, flexural strength and impact strength are A > B > C, A > B > C and A > C > B, respectively. By comparing the range values in Table 3 , R j value of error is smaller than all the three process factors when tensile strength is the evaluation index and smaller than two process factors when flexural and impact strengths are the evaluation indices, which means that the experimental error has minor effect on the mechanical properties of the composites.
The relationships of the mechanical properties of the composites (tensile strength, flexural strength and impact strength) versus factors (mixing temperature, mixing time and rotor speed) are shown in Figures 2, Figure 3 and Figure 4 , respectively. The effect of the rotor speed is another factor that may affect the final mechanical properties, because the Table 3 . Range analysis of mechanical properties of the composites.
Factor
Tensile strength Flexural strength Impact strength , about 11.0% improvement. It suggests that increasing the rotor speed can improve the impact strength of NHF/PP and has negligible effect on the tensile and flexural strengths.
Such results show a different regularity from the research on GFRC. Resin viscosity has significant influence on the fibre breakage in mixing process. The addition of fibre into resin causes increase in both viscosity and flow activation energy of the system. 26 So increasing mixing temperature as high as 200 C could efficiently decrease the melt viscosity and bring benefit to aspect ratio of fibre without negative effect on the glass fibre and its composites. 16, 27 Similar viscosity reduction will happen in NFRC fabrication by increasing the mixing temperature. Therefore, the unfavourable influence of rising temperature on mechanical properties should result from the limited thermal stability of NHF. To evaluate the thermal stability of the NHF fibre in the mixing process, TGA tests of ovendried NHF were carried out at fixed temperature of 160 C, 170 C and 180 C for 30 min. The weight loss of fibre in the test represents the volatile components produced by thermal degradation. Figure 5 demonstrate that both increasing the temperature and extending the time of heat treatment led to more weight loss, i.e. more serious thermal degradation. Furthermore, it can be seen from the difference between those three TGA curves that processing at a temperature no higher than 170 C can avoid serious thermal degradation when extending mixing time from 12 min to 20 min, which is beneficial to achieve better reinforcement of the fibre to the matrix.
Proper fibre dispersion is required to exhibit the reinforcement of fibre. To check the NHF dispersion in PP matrix, typical NHF/PP composites, including trials 1, 2 and 4, were characterized with optical photos for comparison ( Figure 6 ). It can be seen that there is visible fibre aggregates in the NHF/PP composites of trial 1 (Figure 6(a) ), which was prepared at 165 C for 12 min, but there are no NHF aggregates in the composites of trials 2 and 4 ( Figure 6(b) and (c), respectively). It means that the fibre dispersion was evidently improved by increasing the mixing temperature, the mixing time and/or the rotor speed. This is also observed in glass fibre/PP composites.
14 When their influence on the mechanical properties of NHF/PP was taken into account, mixing at higher rotor speed at low temperature for a short time is a better choice. The most likely reason for the more positive influence of high rotor speed on mechanical properties is that increasing rotor speed can accelerate fibre dispersion without the price of bringing about extra thermal degradation of fibre by rising the temperature or extending the time of compounding process.
ANOVA
ANOVA was performed on experimental data to quantify the significance of mixing process parameters on tensile, flexural and impact strengths of the composites. Tables 4 to 6 show the ANOVA results for the tensile, flexural and impact strengths of the composites, respectively. It shows that the variances (V) of factor C in Table 4 and Table 5 , and factor B in Table 6 are close to those of corresponding experimental error, which means that their influence on evaluation indices can be neglected. So it is better to add their sums of squared deviation (SSD) and degrees of freedom (D f ) to the corresponding parameters for the experimental error. The new values for experimental error (e Á ) are shown in the tables. The contribution of each factor and error on the total variation is listed in the last column of the tables, which can be used to compare the significance of factors and give a judgement about the reliability of the experimental design.
It can be seen from Table 4 that factor C (rotor speed) has little influence on the tensile strength of the composites. The percentage of contribution of error was less than 5%, which means that no important process parameters are omitted and there is no Table 4 that factor A has a prominent effect on the tensile strength of the composites and factor B has a minor effect on it. Similar result can be seen in Table 5 . Factor C has negligible impact on the flexural strength. The percentage of contribution of error was about 11.6%. It has been stated that factor e was set to evaluate the experimental error and interaction between factors. The test results in Table 2 show that the variance of flexural strength is no higher than 1.3 MPa (about 2.3%), which means that the percentage of contribution of error mainly results from interaction between factors A and B. It can be seen from Table 5 that factors A and B play primary and secondary decisive roles to the flexural strength of the composites, respectively. Table 6 shows that the variance relationship of the factors and error is as follows:
The combined variance of factor B and error is 1.38, which equals to a percentage contribution of 6.3% and means that the experimental results are reliable and there is no interaction influence of factor A and factor C on the impact strength. Factor A is still the dominant factor contributing to the impact strength of the composites.
Optimal preparation process
According to the statistical analysis, the mixing temperature is the most important factor for the mechanical properties of NHF/PP composites. Mixing time does affect the tensile and flexural strengths but has very slight influence on the impact strength. Rotor speed mainly affects impact strength of NHF/PP composites. Based on the result of range analysis and ANOVA, the NHF/PP composites with the excellent mechanical properties could be prepared at 165 C for 12 min at the rotor speed 50 r/min.
The composites fabricated according to the selected optimal condition show the tensile strength 42.8 MPa, the flexural strength 60.2 MPa and the impact strength 24.0 kJÁm À2 , which is comparable to the trial experiment 1 listed in Table 2 . The results are in accordance with the statistical analysis.
Conclusions
The influence of the process factors i.e. mixing temperature, mixing time and rotor speed, on the mechanical properties (tensile, flexural and impact strengths) of NHF/PP composites was studied with the orthogonal experimental design. Range analysis and ANOVA were both applied to quantitatively investigate their influences on the mechanical properties. Mixing temperature is the most important factor for the comprehensive mechanical properties of final NHF/ PP composites. NHF/PP composites prepared at 165 C have the highest strengths. Extending mixing time can reduce the tensile and flexural strengths. Rotor speed mainly affects the impact strength of NHF/PP composites. The NHF/PP composites with the excellent mechanical properties could be prepared at 165 C for 12 min at the rotor speed 50 r/min.
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